The paper presents results of the research which was done when implementing one stage of the PF7 program project "Polygeneration of energy, fuels, and fertilizers from biomass residues and sewage sludge (ENERCOM)" (No TREN/FP7/EN/218916) -the study on peat and / or sawdust substitution potential for the solid recovered fuel (SRF) of compost. The compost is produced of pre-treated sewage sludge and biomass residuals in a "Soil-Concept" plant (Luxemburg). During ENERCOM project implementation the laboratory analysis of different compost fractions shows that fraction 10-40 mm of pre-composted materials can be used for SRF production. The equipment for SRF production in a pellet form was developed in pilot "SoilConcept". Pelleting press monitoring was carried out to evaluate real environmental indicators (EI). These EI were used for environmental impact assessment (EIA) of generating SRF and its burning for heat energy production. The method of comparison analysis was chosen for the EIA. SRF was compared to the peat fuel and sawdust. Results of technical and environmental evaluations of SRF production and its burning, comparison analysis with peat fuel and sawdust, as well as conclusions and recommendations made are presented.
Introduction
Sewage sludge production differentiated significantly among various countries in the EU, the highest sewage sludge production was observed in Germany 2170*10 3 t/year of dry solids (DS); noticeably lower sewage sludge production was in Lithuania -66*10 3 t/year of DS, but nearly the same amount equivalently fell for population per year in both countries -approx. 28 kg (Kelessidis and Stasinakis 2012) . The aim of the project was to demonstrate highefficient poly-generation of electricity, heat, solid fuels and high-value compost/fertilizers from sewage sludge and greenery waste mixed with biomass residues. The project concept allows achieving high overall energy efficiency by: mixing sewage sludge with greenery waste and biomass residues, and using low-temperature environmental heat and heat from the composting process for drying sewage sludge; highly efficient gasification process; 6 saving transport energy due to a better overall material flow management inherent to the concept (ENERCOM). The compost production company, owned and operated by the consortium partner Soil-Concept in Luxemburg, was chosen as a pilot company. Aerobic treatment with forced air supply methods is used for compost production from sewage sludge, greenery waste and biomass residues. One of the goals of the ENERCOM project was to assess the possibilities of producing solid recovered fuel (SRF) from the precomposting of input materials: stabilized sewage sludge, municipal green waste (grass, branches, etc.) and bark. These input pre-composted materials are mixed and dried in concrete silos, i.e. biological drying.
Technical and environmental possibilities to produce SRF from various compositions of raw materials (pre-composted sewage sludge, municipal green waste, sawdust and peat) in the form of pellets and briquettes were analyzed by KTU APINI researchers with the technical assistance of several Lithuanian companies and ENERCOM project partners during [2008] [2009] [2010] . Results of that research have already been presented (Kliopova and Makarskienė 2012) .
In accordance with the data of the State Forest Survey Service, a big volume of wood waste (up to 1.3 million m 3 ) is yearly produced in the forestry and wood industry in Lithuania. CO 2 emissions during sawdust combustion are not reckoned in global warming. Besides, bio fuel (firewood and sawdust, in particular) is the main local renewable energy resource in Lithuania (more than 85% of the total renewable energy consumption) (Fuel and energy balance 2011).
In Europe, peat fuel is produced in Finland, Ireland, Sweden, Latvia, Estonia and Lithuania with its average annual production exceeding 38 TWh. The overall share of peat of the primary energy consumption is 3% in these countries (Peat fuel industry in the EU 2006). In Finland and in Ireland about 5-7% of the primary energy consumption is produced with peat, in Estonia and Sweden -about 0.6 -1.2%. In Latvia and Lithuania peat has a smaller contribution to the primary energy consumption (<1%), main reason being that peat has a rather high CO 2 emission factor -106 t/TJ, compared to oil fuel (77.4 t/TJ) and natural gas (56.9 t/TJ) (Peat fuel industry in the EU 2010).
Laboratory analysis of different fractions of precomposted materials shows that fraction 10-20-40 can be used for SRF production for the purpose of minimizing the ash content and decreasing the net calorific value (BIOS 2009).
Production of pellets by means of the precomposed material equipment (with 250 kg/h. of installed pelleting press capacity) was implemented in the pilot company during 2009-2010 for the experimental evaluation. Pelleting press monitoring was carried out for improving the technology and evaluating real environmental indicators (EI). These IE were used for comparison of produced pellets with peat fuel and sawdust, the latter widely used in Lithuania.. The results of this research are presented and discussed in the paper.
Pellets production technology in the SoilConcept Company
A functional scheme of a technological line of pellets production is presented in Figure 1 . The following main steps of pellets production are implemented in the Soil Concept company (SoilConcept, KTU APINI 2010):
Separation of pre-composted materials is carried out in a cylindrical separator. 10-40 mm fractions of materials are separated, since it has been defined that the compost of these fractions results in better chemical and physical characteristics for SRF production. Drying of pre-composted materials. The moisture content of raw materials must be reduced from approx. 40-50% to the required level (12-15%) before the production of pellets.
In the scope of the ENERCOM project, thermal drying in the first stage of the poly-compostgasification (PCG) process is planning. Besides, heat energy for compost drying can be produced by burning the produced SRF. Mixing of raw materials. Additional materials can be added during this process. In 2009, during KTU APINI experiments, sawdust and peat were added in different proportions (Kliopova and Laurinkevičiūtė 2009) . During that experiment, oil, e.g. rape-oil, was added: up to 1% of the total mass. The size of particles of the raw materials for pellets production may vary a lot. Therefore, raw material should be homogenized before being delivered to the technological line. For example, the precomposted materials can be mixed in an automatic stirrer as it was done during experimenting in Lithuania (Kliopova and Laurinkevičiūtė 2009 ). Milling of raw material. Usually a hammer mill is used for the milling (full homogenization) process. The capacity of the hammer mill in the Soil Concept is up to 500 kg/h. Pressing of pellets. Pellets are pressed using the presses with a matrix. In the Soil Concept a cylindrical matrix is used for pellets production. The capacity of the pelleting press is 250 kg/h. Cooling of pellets. The Soil Concept uses a cooler with a rotary star valve. Packing of pellets. Monitoring of the pelleting process was performed. All received data were used for creating material and energy balances expressed in absolute units:
Input flows: raw materials (pre-composted materials (stabilized sewage sludge and biomass residuals), rapeseed, diesel or pellets) are 7 expressed in units of weight (kg), electricity -in energy units (kWh); Output flows: product (pellets), water vapour, air emissions, losses or waste are expressed in units of weight (kg).
Air emissions were evaluated only theoretically, using the emission factors estimated during SRF production in 2009 (Kliopova and Laurinkevičiūtė 2009) .
Fig. 1. Functional scheme of pelleting process in Soil-Concept
When using material and energy balances the relative EI were calculated (see Table 1 ). Knowing the chemical composition of the recovered fuel (BIOS 2009), the net calorific value (Q n , kJ/kg) can be evaluated at certain moisture.
For this purpose the following formula is used (Gimbutis 1993) :
where: C n -carbon content in fuel, %; H n -hydrogen content in fuel, %; O n -oxygen content in fuel, %; S n -sulphur content in fuel, %; W n -moisture content in fuel, %, Thus, the net calorific value of 12% of moisture SRF of compost (compost pellets) is equivalent to an average of 13.73 MJ/kg.
Methodology
Main objectives of this research are: To assess whether SRF can be used, for example, instead of peat and/or sawdust for the energy production in EU countries. Pre-composted Materials (Sewage Sludge and Biomass Residues) 8 What environmental impact of SRF production and combustion compared to peat fuel and sawdust is determined. Whether the amount of energy needed for the SRF production will not exceed that obtained during SRF combustion. The study answers these questions. Therefore, the chemical composition of pre-composting materials, sawdust and peat fuel was compared.
Methodology for the environmental impact assessment (EIA) is presented in Figure 2 . The methodology consists of 2 main steps:
EIA of different fuel (peat fuel, SRF of compost, sawdust) production (fuel volume for 100 MWh of heat energy production is analyzed); EIA of different fuel (peat fuel, SRF from precomposted materials, sawdust) burning for 100 MWh of heat energy production. As it is mentioned above, only peat fuel is assigned as fossil fuel; sawdust and SRF are identified as renewable resources. Therefore, the EIA of the extraction process was performed only for peat fuel. Fuel production processes (briquetting and/or pelleting) were evaluated only for peat fuel and SRF of compost.
In the second stage, it has been accepted that peat briquettes and sawdust are burnt using the grate firing technology in a combustion plant with thermal power less than 30 t/h and 85% of efficiency. In case of SRF the fluidized bed combustion (FBC) technology is applied.
Air emissions during peat briquettes (PM, CO, NOx, SO 2 ) and sawdust (PM, CO, NOx) burning were evaluated using the methodology, which is written in the list of methodologies for the evaluation of air emissions, approved by the Ministry of Environment of the Republic of Lithuania (13-12-1999 No. 395, last addition in 2008) (Set of methods 2000; Staniškis et al. 2010) .
The volume of carbon dioxide (CO 2 ) emissions (V CO2 , t) was calculated using the following formula:
where: Bburnt peat fuel volume, t; Q nnet calorific value (Q n (fuel peat) = 15 MJ/kg);
Energy production -100 MWh
Peat fuel combustion (Grate firing technology) ή -85%
Sawdust combustion (Grate firing technology; condensing economizer) ή -95% SRF combustion (Fluidized bed combustion technology) ή -85%
Peat extraction and natural drying on the fields (moisture content -up to 35%) Peat milling (<3 mm) and drying (moisture content -up to 15%)
Peat fuel production (pressing) (briquettes production)
Separation of 1 pre-composted materials (fraction -10-40 mm, moisture content -up to 40-50 %)
Pre-composted materials drying (moisture content -up to 15%) SRF production (pellets production) Sawdust (moisture content -up to 50 %) EIA of fuel production (fuel volume ≡ 100 MWh) EIA of fuel combustion for 100 MWh of heat energy production E CO2 -CO 2 emissions factor for peat burning (106 t CO 2 /TJ). The method for the evaluation of air emissions during SRF production and results of evaluation are presented in Paragraph 5.
Chemical and physical characteristics of produced SRF in comparison with peat and sawdust
Physical and chemical characteristics of peat, sawdust and pre-composted materials depend on various parameters. Characteristics of sawdust are influenced by the type of trees (deciduous or softwood). In the case of peat, the region of a peatbog, the depth of a peat layer in the peat-bog, the season of extraction, etc are relevant. Characteristics of the pre-composting materials are directly related to the variety of compost composition (green waste, sewage sludge, etc). Table 2 presents the information about chemical characteristics of peat fuel and sawdust, which were used for SRF production from various compositions of raw materials by KTU APINI researchers in (Kliopova and Makarskienė 2012 . Carbon content in dry matter of the precomposted materials amounts to higher than 36%; it is only about 17% lower than the carbon content in sawdust and peat.
Ash content in dry matter of the pre-composted materials amounts to higher than 30%; it is more than 3 times higher compared to the peat fuel ash content, and 30 times higher compared to the sawdust ash content, which is very low -1 %.
Obviously, the pre-composted materials produce the highest chlorine, sulphur, nitrogen, heavy metals content compared to the other types of fuel. Most of heavy metals (As, Cd, Cr, Cu, Hg, Ni, Pb, Se, V, Zn) are emitted in the compounds with dust. Therefore, high efficiency dust collectors, as electrostatic precipitators or fabric filters, are widely used to reduce the volume of heavy metals.
Referring to chemical analysis results of SRF of the year of 2009, it can be concluded that addition of sawdust or peat into SRF improves some of its characteristics: increases the net calorific volume, reduces the content of ash, Cl, heavy metals, S and N (only in case of sawdust) (Kliopova and Makarskienė, 2012) . For example, in case of addition of 10% of sawdust into pre-composted materials, the ash content decreases by 49%, the Cl, S and N content -by 33-34%, the heavy metals content -by 17% (see Table 3 , compost (II)). In case of addition of 10% of peat into pre-composted materials, the ash content decreases by 47%, the Cl content -by 34%, the heavy metals content -by 13% (see Table 3 , compost (III)). 15508:2006 15508: , EN 15359:2011 . SRF is attributed to class 4 by the net calorific value, to class 1 by the chlorine (Cl) content in dry matter and to classes 3-4 by the mercury content (see Table 4 ). In case of addition of 10% of sawdust or peat into precomposted materials, the Hg content decreases by 25-30% (0.062-0.066 mg/MJ) and SRF will be attributed to class 3 by the mercury content (≤0.08).
Evaluation of air emissions during SRF combustion
Since the methodology used in Lithuania for evaluation of air emissions (Set of methods 2000) does not include the factors and /or coefficients for the FBC technology, air emissions were evaluated using data of the laboratory analysis of both the SRF chemical composition and limited concentrations (LC max ) of air emissions under standard conditions (6% of oxygen concentration) (Directive 2000/76/EC; BAT for LCP 2006).
The method for evaluation of air emissions during SRF combustion (Gimbutis 1983; Denafas 2000) is presented below.
Correction/revision of the fume flow (discharge) is foremost calculated according to the boiler capacity, fuel calorific value, and the volume of the fuel burnt during the time unit, using formula 3: 
where -actual air excess coefficient.
Actual concentration of air emissions (CO, NO x, PM, SO 2 , HCl, heavy metals (HM)) are calculated by formula 15: The amount of fuel, required to produce 100 MWh of heat energy was evaluated using formula 19: B = Q x 3.6 / (Q n x ή), t (19) where Bfuel input, t; Qproduced amount of heat energy, MWh; 1 MWh = 3.6 GJ; Q nfuel lower calorific value: 15 MJ/kg -for peat briquettes, 12 MJ/kg -for sawdust (with 50% of the moisture content), 13.73 MJ/kgfor SRG of pre-composted materials; ή -heat energy production efficiency factor when burning peat briquettes, 85% for peat briquettes and SRF combustion and up to 95 % for sawdust combustion (with condenser economizer) (see Figure 2) . The volume of air emissions during 100 MWh of the heat energy production, burning SRF in comparison to sawdust and peat fuel is presented in Table 6 .
Results of comparison of EIA
During the production of peat fuel briquettes and SRF pellets different operations are performed. Therefore, the comparison of EIA during peat fuel extraction-production and SRF production is made on the basis of material and energy balances.
Three experiments were carried out in Lithuanian peat production companies for the evaluation of the environmental impact (EA) of the peat extraction process: 1 st company in Butku peat-bog (extraction and production capacity -22.5 thousand m 3 /year); 2 nd company in Galu peat-bog (extraction and production capacity -25.5 thousand m 3 /year); 3 rd company -in Sepetos, Tyrelio, Aliu, Kalniškiu, Pabalves, Lebeliu, Aklaezerio peatbogs (extraction and production capacity -500 thousand m 3 /year). Using the material and energy balances relative EIs were calculated (see Table 7 ).
Data of the production of peat fuel briquettes were obtained from the Lithuanian company "Medinukai" Ltd (Staniškis & Kliopova 2009 ).
Data of SRF production for material and energy flows are collected from the SRF production line implemented in the Soil-Concept (see Paragraph 2).
EIA of 100 MWh of the heat energy production by burning sawdust is evaluated by the data of material and energy balances from the heat energy production company -"Kretingos šilumos tinklai" Ltd (Kretinga 2012).
Widely applied peat, bio-fuel and SRF combustion technologies have been analyzed: for peat and sawdust combustion -grate firing (the oldest firing principle used in boilers) -the technologies of combustion on firegrates -the firegrates of various constructions are used, which can be divided into two groups -static and mechanically activated (most widely applied in the Baltic States); for SRF combustion -fluidized bed combustion (FBC) -the combustion in the fluidized bed (bubbling or circulating surfaces are used) (in the Baltic States applied only in large combustion plants (LCP)). Usually, thermal efficiency of the peat and biomass combustion plants having no condensing economizers is considered between 80 and 85%, in large combustion plants (LCP) -up to 90%. In case of sawdust combustion, 95% of thermal efficiency was evaluated due to a condenser economizer. These are the most popular techniques used for enhancing the primary energy (biofuel energy) efficiency in biomass combustion plants in Lithuania (Staniškis at al. 2010 , Kretinga 2012 .
Main results of EIA of fuels production and combustion for 100 MWh of heat energy production are presented in the comparison Table 8 .
The amount of energy in case of SRF production and burning it for the purpose of producing 100 MWh of heat energy is more than 1.4 times higher compared to the peat briquettes production and burning due to the following factors: -major volume of the moisture content in precomposted materials in comparison to peat before drying; -briquettes production process requires a smaller volume of electricity in comparison to pellets production: 0.077 kWh/kg of peat briquettes and 0.164 kWh/kg of SRF pellets. The comparison of total energy consumption for the production of 1 kg of pressing fuel in the drying process of raw materials is presented in the table 9. It is evaluated that approx. 50 kg of peat briquettes are usually used for 1 t of peat drying (from 35-40 to 15% of the moisture content). In case of analyzed SRF it is evaluated that approx. 18.2 m 3 of water must be evaporated from the evaluated volume of the pre-composted materials; energy consumption -0.64 kWh for the elimination of 1 liter of water.
The volume of air emissions during SRF burning is the smallest, because of strong requirements for the SRF combustion techniques, the maximum air emission limit concentrations (LC max ) under standard conditions, mg/Nm 3 (Directive 2000/76/EC; BAT for LCP), etc.
The volume of air emissions during peat briquettes burning is considerably larger compared to the emissions of burning sawdust or SRF. This is due to carbon dioxide emissions that are calculated only for fossil fuel.
Total air emissions for 100 MWh of heat energy production, burning fuel, inc. fuel production and indirect impact due to electricity consumption are: -in case of sawdust -0.902 t/100 MWh, inc. 0.454 t CO 2 /100 MW; -in case of peat briquettes -50.602 t/100 MWh, inc. 49.861 t CO 2 /100 MW; -in case of SRF -2.847 t/100 MWh, inc. 2.584 t CO 2 /100 MW. The volume of waste in case of SRF production is larger in comparison to other fuel, because of the high ash content in raw material: more than 30% in dry matter. Therefore, about 30% of SRF of compost or about 18% of the volume of initial raw materials (compost) becomes waste (ash, bottom ash and remains).
It can be concluded that a higher environmental impact will be in the case of SRF production and combustion, but it should be noted that SRF used for energy production minimizes carbon dioxide emissions, saves energy and raw material resources, and the land required for waste disposal.
Conclusions and recommendations
The use of peat for fuel has a long tradition in EU countries, inc. Lithuania. But, during the period of last 10 years peat consumption for energy production was constantly decreasing in Lithuania. Two main reasons were determined: technical and environmental (Staniškis & Kliopova 2009 ). The first one is a huge volume of CO 2 emissions, a rather large volume of SO 2 and PM emissions during peat fuel combustion in comparison to the other fuel used. Furthermore, suitable combustion techniques were not implemented. In Lithuania biofuel (firewood and sawdust, in particular) makes main part of renewable energy resources. Both fuels (peat fuel and bio fuel) are solid fuel and local energy resources. Therefore, those fuels were chosen for the comparative analysis for the EIA of SRF of compost production and combustion for heat energy production.
A net calorific value of SRF in the form of a pellet made of 10-40 mm fraction of pre-composted materials in the Soil -Concept company with 15% of the moisture content is about 13-14 MJ/kg. It corresponds to the net calorific value of the nonpressed sawdust with 30% of the moisture content (12.52 MJ/kg) and peat briquettes with 15% of the moisture content (15 MJ/kg).
As a result of the evaluations of chemical characteristics, we can conclude that pre-composted materials can be mixed with peat or sawdust for improving SRF characteristics. For example, in case of mixing with sawdust (up to 10% of raw material volume), the ash content decreases by approx. 2 times, heavy metals-by 1.2 times, Cl, S and N -by approx. 1.5 times (see Table 3 , Composition II ).
And, similarly, with the purpose to improve some characteristics of peat fuel, for example, to reduce some nitrogen (N) content in fuel, or CO 2 emissions to the air, peat could be mixed with precomposted materials.
Evaluating results of the laboratory analysis, the produced SRF was compared to the standard requirements for SRF according to CEN/TC 343 (see Table 4 ). The comparison shows that produced SRF of pre-composted materials (fraction -10-40 mm) in the pellet form corresponds to: -class 4 by the net calorific value (MJ/kg), -class 1 by the chlorine (Cl) content in dry matter, and -classes 3-4 by the mercury content (mg/MJ). When applying EIA of the fuel production, the energy consumption per unit of fuel was evaluated (see Table 9 ) as follows: -in case of SRF in the pellet form production -0.526 kWh/kg, inc. 0.164 kWh/kg -for a pelletizing process; -in case of peat fuel in the briquette form production -0.446 kWh/kg, inc. a peat extraction process. A fair amount of metal waste and other solid additives could be found in pre-composted materials. Therefore, it is necessary to remove stones, metal waste, wood parts (>20 mm), etc, which could damage technological lines for production of pellets.
In order to optimize the heat energy production process and to reduce environmental impact during SRF burning, complex combustion technologies (for example, FBC, CFBC) have to be applied and, in terms of economical return, they are usually recommended to large fuel combustion plants.
During the analysis of SRF combustion parameters, it was evaluated that the excess air coefficient (factor) should be maintained at its minimum value of 2.4 in the SRF combustion plant (see Paragraph 5). Also, due to high dust air emission, plants for solid particles treatment have to be installed.
Positive aspects of EIA of SRF production and combustion are the following: -82% of biodegradable waste, inc. sludge of municipal waste water treatment plant and green waste (raw materials for SRF production) are convertible to the energy; 18% of mass becomes waste (ash, bottom ash, and remains); -the amount of energy needed for the SRF production and combustion does not exceed that obtained during SRF combustion (23.631 MWh/100 MWh); -the volume of CO 2 emitted during SRF combustion equates zero due to biogenic nature of raw materials used in SRF production; -total air emissions during the heat energy production burning SRF of pre-composted materials, inc. the SRF production process and indirect impact due to electricity consumption are 2.8 times lower than the air emissions during peat briquettes production (excluding CO 2 ) and over 17 times lower in case of CO 2 evaluation (see Table 8 ).
Negative aspects of EIA of the SRF production and combustion are the following: -SRF of pre-composted materials results in the high ash content (more than 30%); therefore PM emissions to the air during SRF combustion after treatment before 99.5% are four times higher, compared to the sawdust combustion (see Table 6 ); -the heavy metals content in pre-composted materials is more than 17 times higher, compared to the sawdust and about 6 times higher, compared to the peat; -the amount of total energy needed for the SRF pellets production and its combustion for 100 MWh of heat energy production is 1.4 times higher compared to the peat briquettes production and combustion, and more then 11 times higher compared to the sawdust combustion (see Table 8 ).
Despite the negative aspects, the results of this study show that SRF of pre-composted materials (fraction 10-40 mm), made of BD waste (stabilized sludge of municipal waste water treatment plant and green waste) can be used as an alternative energy recourse. For the purpose of reducing an environmental impact on the air, first of all, chemical and physical characteristics of separate pre-composted materials fractions are to be evaluated for discovering more suitable ones for fuel production for each parcel. Besides, pre-composted materials can be mixed with sawdust (up to 10% of the total SRF raw materials volume) or SRF can be burnt together with biofuel. There are two possible approaches, when mixing precomposted materials with sawdust, namely: -SRF is an alternative fuel. If sawdust is added, burning characteristics of the SRF improve, the impact on the environment decreases; -Proper BD waste utilization with a minimal impact on the environment. BD waste is added into the sawdust with the purpose of utilizing BD waste and producing energy. There is no point in substitution peat fuel by recovered fuel. Peat fuel is not classified as alternative energy resource -it is local energy recourse. The socio-economic impact of this fuel is significant for some EU countries (for example, Finland, Island) and in these countries BAT technologies are applied to the peat fuel burning, and, thus, energy efficiency is increased, while EI is decreased.
In case of adding peat fuel to raw materials for SRF production, some peat fuel characteristics are improved: NOx, CO 2 emissions to the air decrease. Furthermore, peat fuel can improve some recovered fuel characteristics: increase the calorific volume, decrease energy consumption for raw materials drying. In case of mixing pre-composting materials with peat, the briquettes production becomes more proper from economical and environmental point of view.
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